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I n t  roducLiul  

When an a r e n e  i s  c o o r d i n a t e d  t o  Cr (C0)3 ,  profound changes i n  i t s  
r e a c t i v i t y  o c c u r 1 f 2 .  Ring and b e n z y l i c  hydrogen atoms e x h i b i t  
enhanced a c i d i t y ,  and t y p i c a l  a r ene  r e a c t i o n s  such a s  e l e c t r o p h i l i c  
aromatic  s u b s t i t u t i o n s  are quenched. I n  c o n t r a s t  t h e  r i n g  carbon 
atoms a r e  a c t i v a t e d  toward a t t a c k  by nuc leoph i l e s i .  These changes 
i n  r e a c t i v i t y  a re  m a n i f e s t a t i o n s  o f  t h e  f o r c e f u l  e l e c t r o n  
withdrawing n a t u r e  of t h e  Cr (C0)3  component, and o f  t h e  a b i l i t y  of 
t h i s  group t o  s t a b i l i z e  cha rged  i n t e r m e d i a t e s .  I n  a d d i t i o n ,  
arenechromium t r i c a r b o n y l  complexes have been proven t o  be good 
c a t a l y s t s  i n  t h e  hydrogena t ion  of d i e n e s 3 .  While most s imple 
complexes such a s  toluenechromium t r i c a r b o n y l  r e q u i r e  t h e  use of 
h i g h  t e m p e r a t u r e s  a n d  d i h y d r o g e n  p r e s s u r e s ,  arenechromium 
t r i c a r b o n y l  complexes wi th  napthalene,  an th racene ,  and phenanthrene 
show remarkable  a c t i v i t y  under ex t r eme ly  m i l d  c o n d i t i o n s .  Coal 
arenechromium t r i c a r b o n y l  complexes may prove t o  be good i n t e r n a l  
h y d r o g e n a t i o n  c a t a l y s t s  f o r  t h e  h y d r o g e n a t i o n  o f  s u r r o u n d i n g  
molecules.  

Results and Discus- 

Experiments were c a r r i e d  o u t  with a c o a l  l i q u i d  i n  t h i s  exp lo ra to ry  
i n v e s t i g a t i o n  t o  avoid s o l u b i l i t y  problems i n h e r e n t  i n  t h e  u s e  of 
s o l i d  c o a l s .  The c o a l  l i q u i d  used was d i s t i l l e d  a t  approximately 
850°C from run 250D a t  t h e  W i l s o n v i l l e  p i l o t  p l a n t  w i th  I l l i n o i s  
N O .  6 c o a l .  I n  c o n t r a s t  t o  s o l i d  c o a l s  and heavy d i s t i l l a t e s ,  t h i s  
ma te r i a l  i s  s o l u b l e  i n  a l l  common o rgan ic  s o l v e n t s .  

The f i r s t  s t a g e  of  r e s e a r c h  c e n t e r e d  on t h e  c o n v e r s i o n  of  t h e  
a r o m a t i c  hydroca rbons  i n  t h e  c o a l  l i q u i d  i n t o  arenechromium 
t r i c a r b o n y l  complexes.  React ions t o  form complexes wi th  t h e  c o a l  
l i q u i d  were c a r r i e d  ou t  by a procedure f o r  simple m o l e c u l e s  i n  which 
t h e  a r e n e  i s  r e f l u x e d  i n  d ioxane  wi th  chromium hexaca rbony l .  
However,this method r e q u i r e d  long r e a c t i o n  t i m e s  and l a r g e  excesses  
Of chromium h e x a c a r b o n y l  t o  a c h i e v e  a c c e p t a b l e  l e v e l s  of  
c o m p l e x a t i o n .  To a l l e v i a t e  t h e s e  p rob lems ,  t h e  u s e  of an 
a l t e r n a t i v e  r e a g e n t ,  triaminechromiumtricarbonyl, was i n v e s t i g a t e d .  
T h i s  r eagen t  i s  easy  t o  synthesize5,  equa t ion  1, and has  been used 

t o  o b t a i n  s e v e r a l  organochromium complexes6. Reac t ions  of t h e  coa l  
l i q u i d  w i t h  triaminechromiumtricarbonyl p r o v e d  t o  be  v e r y  
s u c c e s s f u l .  High y i e l d s  of complexation with t h e  c o a l  l i q u i d  arene 
molecules w e r e  o b t a i n e d .  Indeed, t h e  product  was orange co lo red  and 
C r y s t a l l i n e  i n  n a t u r e .  The 136 NMR spectrum of one such product i s  
shown i n  F igu re  1. , The carbonyl  resonance appea r s  a t  234 ppm and 
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t h e  aromatic  carbon resonances s h i f t  t o  80-100 ppm as  a n t i c i p a t e d .  

The second s t a g e  of t h e  i n v e s t i g a t i o n  c e n t e r s  o n  hydrogena t ion  
t r a n s f e r  chemis t ry  o f  t h e  c o a l  l i q u i d  arenechromium t r i c a r b o n y l  
complexes. S t u d i e s  have been c a r r i e d  ou t  w i th  s imple arenechromium 
t r i c a r b o n y l  complexes1# a s  c a t a l y s t s  i n  t h e  hydrogenat ion of  methyl 
2,4-hexadienoate i n  which t h e  s e v e r i t y  of  r e a c t i o n  c o n d i t i o n s  va r i ed  
from 150°C a t  7 0 0  p s i  dihydrogen p r e s s u r e  f o r  toluenechromium 
t r i c a r b o n y l  t o  27OC a t  5 7  p s i  d i h y d r o g e n  p r e s s u r e  f o r  
napthalenechromium t r i c a r b o n y l .  The d rama t i c  i n c r e a s e  i n  a c t i v i t y  
of t h e  p o l y c y c l i c  arenechromium t r i c a r b o n y l  complexes is  t h a t  t h e r e  
a r e  two long  C r - C  bonds with t h e  br idgehead 'carbon atoms t h a t  have 
bond o r d e r s  less t h a n  one8 .  Thus, t h e  l o n g e r  and w e a k e r  bonds 
should be more e a s i l y  d i s p l a c e d  by t h e  incoming d iene  l i g a n d  i n  t h e  
ra te  determining s t e p .  Th i s  advantage i s  no t  r e a l i z e d  i n  t h e  case  
of t h e  monocycl ic  arenechromium t r i c a r b o n y l  complexes such  a s  
benzenechromium t r i c a r b o n y l  where a l l  of t h e  Cr -C  bonds have equa l  
l e n g t h  with bond o r d e r s  c l o s e  t o  u n i t y .  The e f f e c t  o f  s o l v e n t  was 
a l s o  examined. Coord ina t ing  s o l v e n t s  such as t e t r a h y d o f u r a n  o r  
acetone inc reased  t h e  r a t e  of t h e  hydrogenat ion r e a c t i o n  presumably 
by f a c i l i t a t i n g  t h e  i n i t i a l  l i gand  s u b s t i t u t i o n  s t e p .  

Hydrogenation r e a c t i o n s  were c a r r i e d  out  under mild c o n d i t i o n s  i n  a 
g l a s s  microhydrogenation appa ra tus  a t  p r e s s u r e s  lower than 200 p s i  
and t empera tu res  less  than  5OoC u s i n g  d ideu te r ium g a s .  The use  of 
dideuter ium a l lows  t h e  r educ t ion  s t e p  t o  be  d e t e c t e d  by means of 
deu te r ium NMR. A hydrogena t ion  r e a c t i o n  was c a r r i e d  o u t  w i th  
napthalenechromium t r i c a r b o n ' y l  t o  c a t a l y z e  t h e  hydrogena t ion  of  
methyl 2 ,4-hexadienoate  i n  t h e  p re sence  of small amount of c o a l  
l i q u i d  t o  t e s t  whether or no t  t h e  c o a l  l i q u i d  would po i son  t h e  
c a t a l y s t .  This  r e a c t i o n ,  equat ion 2 ,  proved t o  be  s u c c e s s f u l  w i th  a 

15Opsi D2,Acetone 
CH3CHCHCHCHC02CH3 + C1OH8Cr (CO) 3 - CH3CHDCHCHDC02CH3 (2) 

1.23M 80.3 x lO-3M 450C,1.5hr 
25mg Coal Liq 

63% c o n v e r s i o n  o f  m e t h y l  2 , 4 - h e x a d i e n o a t e  t o  ' m e t h y l  
hex-3-enoate-2,5-&. It w a s  ev iden t  t h a t  t h e  presence of t h e  c o a l  
l i q u i d  does no th ing  s i g n i f i c a n t  t o  i n h i b i t  t h e  c a t a l y s t .  The n e x t  
se t  o f  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  t h e  c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complexed mater ia l .  The c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complexed m a t e r i a l  p r o v e d  t o  b e  
u n s u c c e s s f u l  i n  c a t a l y z i n g  t h e  hydrogenat ion of t h e  su r round ing  
molecules . In p a r t ,  t h i s  could be due t o  t h e  f a c t  t h a t  a l l  of t h e  
p o s s i b l e  a c t i v e  s i t e s  for hydrogenat ion may of have been r ende red  
u n r e a c t i v e  by complexat ion wi th  C r ( C 0 ) 3 .  To t e s t  t h i s  l i n e  of 
r eason ing ,  experiments  were c a r r i e d  ou t  on a mixture  of  t h e  c o a l  
l i q u i d  arenechromium t r i c a r b o n y l  complex and un reac ted  c o a l  l i q u i d  
as  shown i n  equa t ion  3 .  Ana lys i s  of t h e  2 H  NMR spectrum of  t h e  
c o a l  l i q u i d  arenechromium t r i c a r b o n y l  r e a c t i o n  product  showed t h a t  
no s i g n i f i c a n t  d e u t e r a t i o n  had taken p l a c e .  

86psi D2, 5ml Acetone 
Coal Liquid + Coal Liquid-Arene-Cr(C0)3 e N . R .  ( 3 )  

0.59 c.5g 450C,16hrs 
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I n  o r d e r  t o  c l e a r l y  t es t  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complex, experiments  were c a r r i e d  o u t  with 
methyl  2 , 4 - h e x a d i e n o a t e  as  t h e  s u b s t r a t e  and t h e  c o a l  l i q u i d  
arenechromium t r i c a r b o n y l  complex a s  t h e  c a t a l y s t  as  shown i n  
equa t ion  4 .  The 2 H  NMR of  t h e  r e a c t i o n  p roduc t  showed t h e  c o a l  
l i q u i d  and un reac ted  methyl 2,4-hexadienoate i n d i c a t i n g  no r e a c t i o n .  

l50psi D2,2.5ml Acetone 

CH3CHCHCHCHC02CH3 + Coal Liq-Arene-Cr(C0)3 *N.R .  (4) 
1.23M 0.5g 450C, 1.5hrs 

Although t h e  a c t i v i t y  o f  t h e  c o a l  l i q u i d  arenechromium t r i c a r b o n y l  
complex a s  a hydrogenat ion c a t a l y s t  appears  t o  be small f o r  methyl 
2 ,4-hexadienoate  as w e l l  as f o r  un reac ted  c o a l  l i q u i d s  under t h e  
m i l d  c o n d i t i o n s  employed, it may w e l l  prove t o  be v i a b l e  under 
moderately more s e v e r e  c o n d i t i o n s .  In  a d d i t i o n ,  t h e  n a t u r e  of  t h e  
a romat i c  r i n g s  i n  t h i s  p a r t i c u l a r  c o a l  l i q u i d  may a c t u a l l y  l e a d  t o  
ve ry  i n a c t i v e  c o a l  l i q u i d  arenechromium t r i c a r b o n y l  complexes.  A 
s l i g h t l y  h e a v i e r  d i s t i l l a t e  may c o n t a i n  more p o l y c y c l i c  a romat i c  
hydrocarbons and y i e l d  more a c t i v e  complexes while  s t i l l  a f f o r d i n g  
t h e  conveniences provided by t h e  use  of  a c o a l  l i q u i d .  

I n  order  t o  tes t  t h e  hypo thes i s  t h a t  hydrogenation s u b s t r a t e s  do not 
e x i s t  i n  t h e  c o a l  l i q u i d ,  a r e a c t i o n  was c a r r i e d  o u t  w i t h  
napthalenechromium t r i c a r b o n y l ,  an  a c t i v e  c a t a l y s t ,  and un reac ted  
c o a l  l i q u i d  a s  t h e  s u b s t r a t e ,  equa t ion  5 .  A comparison of t h e  2H 

2OOpsi Dz, Acetone 

Coal Liquid + C10~8-Cr (CO) 3 Coal Liquid-D ( 5 )  
0.5g 1.12 x 10-3M 7 5 W ,  25 hrs 

NMR s p e c t r a  of t h e  u n r e a c t e d  c o a l  l i q u i d  b e f o r e  and a f t e r  t h e  
r eac t ion ,  F i g u r e  2, shows t h a t  dideuter ium a d d i t i o n  has  taken p l a c e .  
F i r s t ,  t h e  relative a romat i c  deuterium con ten t  has  decreased and t h e  
a l i p h a t i c  deu te r ium c o n t e n t  has  i n c r e a s e d .  Second, t h e  two major 
resonances of t h e  un reac ted  c o a l  l i q u i d  a t  approximately 1.54 ppm 
and 1 . 1 6  ppm a r e  no longer  t h e  dominant resonances.  Rather,  t h e  new 
dominant resonances i n  t h e  r e a c t e d  c o a l  l i q u i d  are a t  approximately 
2.27 ppm and 1 .45  ppm. I n  a d d i t i o n ,  two o t h e r  new s i g n a l s  have 
appeared a t  3 .51  ppm and 2 . 7 1  ppm. Thus, it can be concluded t h a t  
hydrogenation of t h e  c o a l  l i q u i d  had occur red .  

Conclusions 

A s y n t h e t i c  method f o r  t h e  p r e p a r a t i o n  of c o a l  a r e n e  chromium 
t r i c a r b o n y l  complexes h a s  been e s t a b l i s h e d .  The se r ies  o f  
hydrogenat ion r e a c t i o n s  with c o a l  l i q u i d  a rene  chromium t r i c a r b o n y l  
complexes shows t h a t  t h e r e  i s  no th ing  i n h e r e n t  i n  c o a l  m a t e r i a l s  
t h a t  po i son  t h e  arenechromium t r i c a r b o n y l  c a t a l y s t  and t h a t  t h e r e  
a r e  a c t i v e  s i t e s  i n  t h e  c o a l  l i q u i d  f o r  hydrogenat ion.  However, t h e  
a c t u a l  arenechromium t r i c a r b o n y l  complexes formed i n  t h e  c o a l  li’quid 
are n o t  a c t i v e  enough f o r  e x t e n s i v e  hydrogenat ion under  t h e  mild 
e x p e r i m e n t a l  c o n d i t i o n s  t h a t  w e  u s e d .  A s  ment ioned b e f o r e ,  
monocyclic complexes r e q u i r e  h i g h e r  t empera tu res  and p r e s s u r e s  f o r  
hydrogenat ion t h a n  p o l y c y c l i c  complexes do.  Research i n  t h i s  a r e a  
i s  c o n t i n u i n g  t o  t e s t  t h e  c a p a c i t y  o f  c o a l  l i q u i d  arenechromium 
t r i c a r b o n y l  complexes t o  c a t a l y z e  dihydrogen a d d i t i o n .  
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The c o a l  l i q u i d  w a s  ob ta ined  through Amoco Research Cen te r  from t h e  
W i l s o n v i l l e  P i l o t  P l a n t ,  Run 250D. The I3C NhR s p e c t r a  w e r e  
recorded on a General E l e c t r i c  GN 300 o p e r a t i n g  a t  300MHz. The 2 H  
NMR s p e c t r a  were recorded on a Varian XL 1000 o p e r a t i n g  a t  400MHz. 
The I H  NMR s p e c t r a  were recorded on t h e  Un ive r s i ty  of Chicago 500MHz 
s p e c t r o m e t e r .  Te t r ahydro fu ran ,  d i b u t y l  e t h e r ,  and d ioxane  were 
f r e s h l y  d i s t i l l e d  from sodium benzophenone k e t y l  immediately b e f o r e  
u s e .  Hexane w a s  shaken w i t h  s u l f u r i c  a c i d  p r i o r  t o  u s e .  A l l  
s o l v e n t s  were deoxygenated by means of s t a n d a r d  freeze-pump-thaw 
methods. Potassium hydroxide,  ace tone ,  and chromium hexacarbonyl  
were used as r ece ived .  

Triaminechromium t r i c a r b o n y l  

Chromium hexacarbonyl (17.69,’ 0.08mol), potassium hydroxide ( 3 2 . 0 g ) ,  
e t h a n o l  (80ml), n-butanol  (80ml) and water  (251111) were p l a c e d  i n  a 
f lame d r i e d  t h r e e  neck f l a s k  f i t t e d  wi th  a s t i r re r  and a r e f l u x  
condenser .  The r e a c t i o n  f l a s k  was p l aced  i n  an o i l  b a t h  which was 
warmed g r a d u a l l y  t o  15OoC. Chromium hexacarbonyl ,  which subl imed 
i n i t i a l l y ,  was washed o u t  l a t e r  by t h e  s o l v e n t  and no more 
subl imat ion took p l a c e .  The r e a c t i o n  s o l u t i o n  g r a d u a l l y  t u r n e d  r e d .  
Af t e r  4h a t  r e f l u x ,  t h e  mixture  was c o l l e c t e d ,  150mL of concen t r a t ed  
aqueous ammonia s o l u t i o n  was added and t h e  m i x t u r e  w a s  s l o w l y  
s t i r r e d  f o r  two hours .  A yel low p r e c i p i t a t e  was c o l l e c t e d  on a a 
g l a s s  f i l t e r ,  washed with aqueous ammonia and e t h e r .  

Coal l i q u i d  arenechromium t r i c a r b o n y l  

Triaminechromium t r i c a r b o n y l  (4 .68g,  0.025mol),  c o a l  l i q u i d  ( 5 g ) ,  
and dioxane (25mLs) were loaded i n t o  a 100 mL f l a s k  provided wi th  a 
magnetic s t i r rer ,  and a r e f l u x  condenser .  The s o l u t i o n  was r e f l u x e d  
on an o i l  b a t h  f o r  48 h r s .  The r e a c t i o n  mix tu re  w a s  f i l t e r e d  
th rough  C e l i t e  i n  a g l a s s  f i l t e r  and t h e  f l a s k  and C e l i t e  were 
washed with e t h e r .  The product  was p u r i f i e d  ove r  a column of  s i l i c a  
g e l  with a 1 : 1 : 4  chloroform : dichloromethane : hexane. 

Napthalenechromium t r i c a r b o n y l  

Napthalenechromium t r i c a r b o n y l  w a s  p repa red  by a s l i g h t l y  modif ied 
p rocedure lo  t o  t h a t  desc r ibed  by Pauson4. A mixture  of nap tha lene  
(5.3g,  0.042mol) and chromium hexacarbonyl  (4 .4g ,  0.020mol) were 
r e f l u x e d  i n  d i b u t y l  e t h e r  (100 m L ) ,  hexane  (lOmL), and 
t e t r a h y d r o f u r a n  ( I m L )  f o r  70 h r s .  The h e a t i n g  b a t h  was maintained 
a t  16OoC f o r  15 h r s  and a t  145OC f o r  t h e  remaining t i m e .  So lven t  
and excess  nap tha lene  were removed under  vaccum and t h e  p roduc t  
p u r i f i e d  on a column of s i l i c a  g e l  w i t h  a 1 : 1 : 4  ch lo ro fo rm : 
dichloromethane : hexane. 

Hydrogenation r e a c t i o n s  

Hydrogena t ion  r e a c t i o n s  were c a r r i e d  o u t  on a lOmL m i c r o  
hydrogena t ion  a p p a r a t u s .  T y p i c a l l y ,  t h e  r e a c t a n t s  and d r i e d ,  
deoxygenated acetone were p l aced  i n  t h e  r e a c t o r  and it  was evacuated 
and f lu shed  with d i n i t r o g e n  t h r e e  t i m e s ,  d ideuter ium t h r e e  times and 
t h e n  brought  up t o  t h e  f i n a l  d ideu te r ium p r e s s u r e  a t  t h e  d e s i r e d  
t empera tu re .  A f t e r  t h e  r e a c t i o n  t ime,  t h e  mix tu re  was f i l t e r e d  
through C e l i t e  i n  a g l a s s  f i l t e r  and concen t r a t ed  under vaccum. 
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Figure 1. (a)13C NMR Spectrum Of Wilsonville Coal Liquids in CHC13. 
(b) 13C NMR Spectrum Of Coal Liquid Arene-Cr (CO) 3 in CHC13 

843 



Figure  2 .  ( a )  2H NMR Spectrum of Unreacted C o a l  L i q u i d  i n  CHZClZ 
( b ) 2 H  NMR Spectrum of Equat ion 6 Product  i n  CH2C12.  
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